The formation of the dorsoventral axis of the Drosophila embryo depends on cell-cell interactions that take place in the female ovary and involve the activation of transmembrane receptors by secreted ligands. The gene windbeutel functions in the somatic follicle cells of the ovary and is required for the generation of a signal that will determine the ventral side of the embryo. This signal originates in the follicle cells during oogenesis, but its actions are only manifested after fertilization, when the egg has already been laid. We have performed a molecular analysis of windbeutel. We have found that windbeutel encodes a putative resident protein of the endoplasmic reticulum, and has homologs in rats and humans. The gene is expressed for a brief period of time in the follicle cells of the ovary, at around the time when the dorsoventral axis of the egg chamber is first established. We propose that Windbeutel is responsible for the folding and/or modification of a specific factor that is secreted from the follicle cells and participates in the activation of the ventralizing signal.
The formation of the dorsoventral axis of the Drosophila embryo depends on cell-cell interactions that take place in the female ovary and involve the activation of transmembrane receptors by secreted ligands. The gene windbeutel functions in the somatic follicle cells of the ovary and is required for the generation of a signal that will determine the ventral side of the embryo. This signal originates in the follicle cells during oogenesis, but its actions are only manifested after fertilization, when the egg has already been laid. We have performed a molecular analysis of windbeutel. We have found that windbeutel encodes a putative resident protein of the endoplasmic reticulum, and has homologs in rats and humans. The gene is expressed for a brief period of time in the follicle cells of the ovary, at around the time when the dorsoventral axis of the egg chamber is first established. We propose that Windbeutel is responsible for the folding and/or modification of a specific factor that is secreted from the follicle cells and participates in the activation of the ventralizing signal.
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In Drosophila, the establishment of dorsoventral polarity occurs during oogenesis and requires communication between the germ-line-derived oocyte and the somatically derived follicle cells of the ovary. Initially, the oocyte sends a dorsalizing signal to the follicle cells. This signal is received by the follicle cells via Egfr, the Drosophila homolog of the human epidermal growth factor receptor (Wadsworth et al. 1985; Price et al. 1989; Schejter and Shilo 1989) . Egfr, which is expressed in the follicle cells, is believed to be locally activated by Gurken (Grk), a TGF␣ type molecule, produced by the oocyte (Neuman-Silberberg and Schü pbach 1993). Egfr activation by Grk takes place on the dorsal side of the follicular epithelium and regulates a second process of cell communication, relating dorsoventral information from the follicle cells back to the egg. Ultimately, the signal from the follicle cells leads to the specification of the dorsoventral axis of the embryo. This second signaling process from the follicle cells to the embryo requires the action of 11 genes that belong to the dorsal group of maternal-effect genes. Loss-of-function mutations in these genes lead to a dorsalization of the embryo. According to current models, the signal from the follicle cells results in the activation of the Toll receptor only on the ventral side of the egg, and ultimately leads to the formation of the nuclear gradient of the transcription factor Dorsal (for review, see Morisato and Anderson 1995) . The activation of the Toll receptor is mediated by the product of the gene spä tzle, whose cleaved, active form is thought to be present only on the ventral side of the embryo Schneider et al. 1994 ). Spä tzle is itself activated by processing through a proteolytic cascade of serine proteases encoded by the genes gastrulation defective, snake, and easter.
Three of the dorsal group genes, windbeutel (wind), nudel, and pipe, have been shown by genetic mosaic experiments to be required in the somatic follicle cells rather than in the germ line (Schü pbach et al. 1990; Stein et al. 1991) . These genes are therefore candidates for encoding proteins that may directly produce the ventral signal in the follicle cells. The gene nudel has been cloned and shown to encode a modular protein with an extracellular matrix domain and a serine protease domain (Hong and Hashimoto 1995) . It has been suggested that Nudel is secreted by the follicle cells and may possibly be incorporated in the vitelline membrane, thus specifying the site of generation of the active Spä tzle ligand, after fertilization of the oocyte (Hong and Hashimoto 1995) . This idea of a localized protease would fit well with the model of proteolytic activation of the ligand for the Toll receptor by sequential processing of a series of serine protease pro-enzymes (for review, see Morisato and Anderson 1995) .
The gene Egfr is also required in the somatic follicle cells, and when mutant, causes the generation of ventralized phenotypes in eggs and embryos. Epistasis experiments have shown that the Grk-Egfr pathway negatively regulates the production of the ventralizing signal in the follicle cells, although the exact nature of this interaction remains to be shown (Schü pbach 1987; Roth and Schü pbach 1994) . In particular, double mutants between Egfr and wind give rise to dorsalized progeny (Schü pbach et al. 1990 ). Therefore, it appears that wind acts downstream of Egfr, and that the Grk-Egfr signaling may directly, or indirectly, be responsible for the restriction of Wind activity to the ventral side of the follicular epithelium.
The follicle cells form a single-cell epithelial layer that surrounds the nurse cells and the developing oocyte. Their role during oogenesis is multifunctional as they are responsible for the secretion of both structural components of the egg, like the chorion, vitelline membrane, and yolk proteins (for review, see Spradling 1993) , and regulatory molecules like Nudel (Hong and Hashimoto 1995) or Torso-like (Stevens et al. 1990; Savant-Bhonsale and Montell 1993) , that participate in the establishment of embryonic polarity (for review, see Ray and Schü pbach 1996) . Thus, the follicle cells form a population of cells highly secretory in nature and are, in addition, the recipients and transmitters of extracellular signals.
To elucidate the mechanism by which the follicle cells provide ventral information, we have undertaken the molecular analysis of the gene wind. We show that wind encodes a protein that is a putative resident of the endoplasmic reticulum (ER). It is well documented that the ER plays a role in the translocation, folding, and degradation of membrane bound and secreted proteins (for review, see Rapoport et al. 1996) . Our findings lead us to propose that the product of the gene wind is specifically involved in the modification and/or folding of a factor secreted by the follicle cells over the ventral side of the oocyte. This factor is then responsible for the activation of the proteolytic cascade, and possibly for its restriction to the ventral side of the egg. The cascade will release the active Spä tzle ligand that will subsequently bind and activate the Toll receptor. The proposed model is based on the temporal expression pattern of wind as well as on the structural motifs present on the putative Wind protein.
Results

Phenotypic analysis of the gene wind
The gene wind was identified in a screen for female sterile mutations (Schü pbach and Wieschaus 1989) . Females homozygous for wind mutations produce eggs that have normal morphology but give rise to embryos that are dorsalized. At the end of embryogenesis, such embryos secrete a dorsalized cuticle, which is characterized by the absence of ventral structures such as ventral denticle bands, and the expansion of dorsal epidermal structures. The severity of the cuticle phenotype varies depending on the allelic combination, ranging from weakly dorsalized (D2), to strongly dorsalized (D0) ( Fig. 1 ; for a definition of classes of dorsalization, see Anderson et al. 1985) . The maternal defect, caused by wind mutations, cannot be rescued zygotically.
We have characterized the existing six EMS induced wind alleles in trans to deficiencies that remove the gene and also in all possible trans-heterozygous combinations (Table 1) . Five of these alleles show reduced viability in adults, surviving at a rate ranging from 8%-62% of the expected progeny. Females homozygous for these alleles give rise to strongly dorsalized progeny, 100% of which show the mutant phenotype. The sixth allele (wind
AR51
) appears weaker because it shows better viability in trans to the rest of the alleles and to the deficiency, and gives rise to milder dorsalized phenotypes (Table 1) .
The lethal phase for three of the stronger alleles (wind
RP54
, wind M88 , and wind
T6
) was determined to be between the second and third instar larval stages. This suggests that wind is also required zygotically, and functions in at least one other stage of development.
Molecular analysis of the wind locus
By meiotic mapping, wind was positioned at 2-86 on the second chromosome (Schü pbach and Wieschaus 1989). Complementation tests, using various chromosomal deficiencies, showed that wind is uncovered by the Df(2R)P34, which spans the region 55E-56C and by the Df(2R)GC8, which maps in the proximal 56C region and uncovers the coracle (cor) locus (Fehon et al. 1994) . The results of the deficiency analysis are shown in Figure 2A .
Using the P-element insertion P989 (Karpen and Spradling 1992), we were able to determine that Df(2R)GC8 extends more distally than Df(2R)P34 ( Fig. 2A) . In addition, we created wild-type chromosomes by recombination between cor 1 and wind
RP54
, and with the help of flanking markers, showed that wind maps distal to cor. We tested a total of 60,000 chromosomes and found that three independent recombination events gave rise to wild-type chromosomes. The distance between the two genes was calculated by the frequency of the single recombinations and was estimated to be 0.01 cM (Ashburner 1989) . On the basis of these calculations, we concluded that the wind gene should lie very close to coracle.
We generated a chromosomal walk on a phage genomic library, using as probes a cDNA fragment from the cor gene for the proximal end and a genomic fragment adjacent to the P-element insertion P989 for the distal end (see Materials and Methods). Part of the genomic area represented in the chromosomal walk is covered by overlapping fragments from a P1 phage (DM02733) that we mapped in the relevant area. The chromosomal walk covers a total of 90 kb of genomic DNA (Fig. 2B) . The distal breakpoint of Df(2R)P34 was also mapped by Southern analysis (Fig. 2B) .
To identify the transcription units that are present in the candidate genomic area, we performed reverse Northern and Northern analyses, by use of poly(A) + RNA from ovaries. Three candidate transcription units were detected, shown boxed in Figure 2B . All of these transcripts were expressed in ovaries, as determined by Northern analysis. In situ RNA hybridization analysis on ovaries, by use of genomic DNA fragments corresponding to these transcripts as probes, was also performed. The 3.2-/1.8-kb set of alternatively spliced transcripts was found to hybridize predominantly to RNA in the nurse cells. The 1.5-kb transcript gave no detectable signal on ovaries. Given that the Northern hybridization signal from this particular transcript was extremely low, it is possible that in situ hybridization was not sensitive enough to detect it. Finally, the 1-kb transcript was expressed mainly in the follicle cells, thus it was selected as the most promising candidate for the wind gene.
Subsequently, a rescue construct was built, containing ∼6 kb of DNA (hatched bar in Fig. 2B ), surrounding this 1-kb transcript. After standard P-element-mediated transformation (Spradling 1986 ), we obtained six independent transformed lines. Three of the lines, which had integrated the P-element in the first or third chromosome, were crossed into a wind mutant background and all three insertions were found to rescue the female sterility conferred by the wind mutation. wind mutant females carrying the transgene were also shown to be 100% viable, as compared with their siblings without the transgene. Thus, one copy of the the 1-kb transcript fully rescues the mutant phenotype, which shows that this transcript corresponds to the wind gene.
The wind gene is expressed during mid-oogenesis in the follicle cells
Expression of the wind transcript was tested by Northern blot analysis. The wind transcript is present in ovaries, early embryos (0-4 hr), and adult males but is almost undetectable in female carcasses (Fig. 3) .
Previously, it has been shown by genetic mosaics that the activity of the gene wind is required in a somatic cell type, most likely in the follicle cells of the ovary (Schü pbach et Stein et al. 1991) . To examine the expression pattern of wind in oogenesis, we performed RNA in situ hybridization on ovaries. Expression is not detected in the germarium or early stage egg-chambers ( Fig. 4A ) and is first detectable in the follicle cells of stage 8 egg-chambers. The peak of expression occurs in the follicle cells of stages 9 and early 10, and the transcript disappears completely before stage 11 ( Fig. 4B-D) . The germ-line cells (nurse cells and oocyte) do not express any wind RNA, with the possible exception of late stage 10 nurse cells. Careful examination of the wind expression pattern revealed that only the follicle cells that are located over the oocyte express the wind transcript, in contrast to the follicle cells covering the nurse cells (Fig. 4B ). Within the columnar follicle cell epithelium, there does not seem to be any restriction of wind expression relative to the dorsoventral axis. Rather, all the follicle cells over the oocyte are uniformly expressing wind. Interestingly, the transcript appears to be concentrated in the apical cytoplasm of the follicle cells, which in the follicular epithelium is the side facing the oocyte. The functional significance of this localization has not yet been examined but we observed that in situ hybridization by use of two different probes (nudel and cor), which are also expressed in the follicle cells, did not show a similar pattern (data not shown).
We also performed RNA in situ analysis on ovaries from flies hemizygous for the different wind alleles (data not shown). wind RNA was detected in the four of the hemizygous mutant alleles, three of which give a strong dorsalized phenotype (wind ), wind RNA expression was reduced to an almost undetectable level. Given the limitations of the in situ hybridization sensitivity, it is not + -selected wild-type RNA was prepaped from ovaries (Ov), 0-to 4-hr embryos (E), females without their ovaries (F − ), and males (M). RNA (15-18 µg) was loaded in lanes 1 and 2, 11 µg in lane 3, and 7 µg in lane 4. The same blot was also hybridized to the rp49 probe to provide a loading standard. The numbers at the right correspond to RNA molecular size standards.
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Expression of the wind transcript in mutants affecting the dorsoventral pattern
To examine whether wind RNA expression is affected by mutations in other genes involved in the establishment of dorsoventral polarity, we analyzed its expression in different mutant backgrounds. First we examined ovaries mutant for fs(1)K10, a gene that when mutant in females, produces dorsalized eggs and embryos (Wieschaus 1979) . fs(1)K10 acts upstream of the dorsoventral Grk-Egfr signaling process (for review, see Ray andSchü pbach 1996) . In ovaries mutant for fs(1)K10, the expression of wind RNA is not affected. Similarly, wind RNA expression was unaffected in ovaries mutant for nudel and pipe, the other two genes that act at the same step as wind in the dorsoventral pathway (data not shown).
In ovaries mutant for a strong gurken allele, wind expression was eliminated in all follicle cells around the posterior of the egg chamber (Fig. 4E ). This observation can be explained by taking into account the earlier role of the Grk-Egfr signaling process in instructing posterior follicle cells, prior to its role in instructing dorsal follicle cells (Gonzales-Reyes and St Johnson 1995; Roth et al. 1995) . The posterior signaling process takes place before stage 8 of oogenesis, and is required for posterior follicle cells to take on the posterior fate, rather than a default anterior fate. In grk mutant egg chambers, the posterior follicle cells behave as anterior follicle cells, and at stages 8 to 10, similar to the anterior follicle cells situated over the nurse cells, they do not express wind (Fig.  4E) .
In summary, both the spatial and temporal wind RNA expression that we observed in the follicle cells of the egg chamber is consistent with a specific role of wind in dorsoventral patterning during oogenesis.
The wind gene encodes an endoplasmic reticulum protein
Efforts to isolate a wind cDNA from an ovarian library were not successful, although a large number of clones (∼1,200,000) were screened from two different ovarian cDNA libraries (provided by Dr. P. Tolias, Public Health Research Institute, New York, NY, and Dr B. Suter, McGill University, Montreal, Canada). This is likely caused by a low abundance of the particular RNA in the total ovarian RNA population. To overcome this difficulty, we first sequenced the area of the genomic DNA that contains the transcript and made appropriate primers from DNA regions containing open reading frames. These primers were used in two separate PCR reactions (see Materials and Methods) that amplified the 5Ј and the 3Ј ends of the transcript in two overlapping fragments. Both the genomic and the cDNA fragments were found to contain identical sequences (Fig. 5) . The genomic sequence contained a small intron of 193 bp located after amino acid 92 of the putative protein. It appears that the combined PCR products contain all of the cDNA sequence because the size of the transcribed area (956 bp) corresponds very closely to the size of the transcript that was detected on the Northern blot (1 kb). Also, the 3Ј end PCR product contained a long poly(A) tail, right after a consensus polyadenylation signal present in the genomic sequence. Sequence analysis showed that the wind transcript encodes a putative protein of 257 amino acids with an estimated molecular mass of 29 kD.
Database similarity searches revealed that the putative protein encoded by wind is homologous to the rat endoplasmic reticulum protein ERp29 precursor (Demmer et al. 1997 ). The two proteins share 30% overall identities and 40% homology, taking conserved changes into account (Fig. 6) . The identities cluster in specific fragments located in the amino-and carboxy-terminal ends of the putative proteins. There is also a human protein (Hughes et al. 1993 ) that shows homology to the rat ERp29 protein. The three molecules have very similar sizes (fly, 257 amino acids; rat, 260 amino acids; and human, 261 amino acids). The human and the rat proteins are 90% identical (Fig. 6) . The rat protein has been proposed to reside in the ER because it was isolated from the microsomal fraction of the cells (Demmer et al. 1997) , and it also contains a variant of the ER retention signal (KEEL, Pelham 1990 ). Significantly, Wind, like the other two proteins, contains two of those variant ER retention signals, located in comparable positions in the carboxyl terminus of the molecule (Figs. 5 and 6 ). All three proteins contain putative signal peptides of variable sizes at their amino-terminal end, but no obvious glycosylation sites. The amino-terminal hydrophobic sequences corresponding to the signal peptides in the three homologous molecules are not conserved. Outside of the signal peptide area, the putative proteins are mostly hydrophilic.
Secondary structure predictions for the putative Wind protein suggest that the molecule contains two large domains, at the amino and carboxyl termini that form ␣-helical structures. Similar structures are predicted for the rat ERp29 protein (Demmer et al. 1997) , leading to suggestions of the ends of the protein being folded as globular domains. This suggestion is supported by comparisons of the rat and human proteins (90% identical), where the nonconserved amino acids are clustered in the signal peptide and carboxy-terminal parts (Demmer et al. 1997) .
Other ER resident proteins like protein disulfide isomerase and related molecules, are involved in folding of nascent polypeptides and the isomerization of disulfide bridges (Noiva and Lennarz 1992) . This function is mediated by a thioredoxin-like catalytic domain that contains the motif [Cys-X-X-Cys] (Noiva and Lennarz 1992, Chivers et al. 1996) . Wind contains a thioredoxin-like motif between amino acids 24-27 [Cys-Thr-Gly-Cys] as well as a single Cys residue in amino acid position 149. The single Cys is also conserved in the rat sequence, ERp29, which displays significant homology (25% identities over a stretch of 103-122 residues) to two different protein disulfide isomerases, but does not contain any intact thioredoxin-like motif (Demmer et al. 1997 ). The Figure 6 . Alignment of the putative amino acid sequences encoded by wind, rat ERp29, and human ERp31. The Drosophila sequence is shorter at the amino-terminal end but outside of this part, the three molecules are almost contiguous. Note that the homologous parts cluster in the amino-terminal half and the carboxy-terminal end of the sequences. Identical amino acids in all three sequences are shown by dark shading; conserved changes are shown in lighter shading. . Nucleotide sequence and deduced protein of the wind gene. The sequence of the cDNA was identical to the genomic sequence (outside of the intron area). The start of transcription was determined by sequencing of the 5Ј of the PCR amplified cDNA. A long poly(A) tail was found in the 3Ј end PCR amplified product, after a consensus polyadenylation signal present in the genomic sequence. The flanking numbers correspond to nucleotide and amino acid (in parentheses) positions. The 4-amino-acid ER retention signal (KEEL) and thioredoxin-like motif (CTGC) are boxed. Underlined are the translation stop codon (UGA) and consensus polyadenylation signal (AATAAA). Underlined with arrowed lines are the 7-bp deletion found in wind M88 and the 14-bp deletion found in wind AR51 . The amino acid changes in wind M46 and wind T6 are boxed and shaded and the base change in the intron of wind AR51 is boxed.
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Sequence analysis of wind EMS mutants
To gain additional information regarding the functional domains of the protein, we sequenced some of the wind EMS mutant alleles. Four alleles that were sequenced belong to the group that generates strong dorsalizing phenotypes. They are 100% penetrant, and confer low viability to mutant flies. The fifth allele sequenced is the weakest hypomorphic allele and it is fully viable. PCRamplified genomic DNA was prepared from flies hemizygous for each of the alleles. Only the transcribed parts of the genomic DNA were sequenced (see Materials and Methods).
Sequencing of wind M88 revealed that the mutant copy of wind contained a 7-bp deletion, between bases 455 and 461 (underlined with arrowed line in Fig. 5 ). This deletion destroys the reading frame after amino acid 130 and generates a termination codon after another 36 amino acids. Because this deletion occurs in the middle of the coding region, this allele encodes only half of the putative protein, fused to 36 more amino acids of an aberrant sequence. The wind M46 allele contains a single base change, resulting in the generation of a stop codon (UAG) after amino acid 187. Thus, this mutant allele also generates a severely truncated molecule. Both the wind M88 and wind M46 alleles also displayed a common base substitution, relative to the wild-type sequence. A single base change in nucleotide position 594 results in the conversion of an alanine in the wild-type protein, to a valine in both the mutant proteins. Because both of these alleles were generated on the same parental chromosome, it seems likely that this conserved change represents a polymorphism of the parental allele.
The third allele that was sequenced, wind T6 , also showed a single base change resulting in the conversion of the leucine of amino acid position 239 to a proline (boxed and shaded in Fig. 5 ). No other change was detected in this allele. Sequencing of the transcribed region of the allele wind E4 did not reveal any changes in the nucleotide sequence. Finally, sequencing of the weakest allele wind AR51 showed a 14-bp deletion in the intron sequence and a base change of the first nucleotide of the intron (from G to A, boxed in Fig.5 ). A few other base changes were also detected that only affected the third base of codons.
Discussion
Expression of wind in the follicle cells occurs when the dorsoventral pattern is established
The establishment of polarity in the Drosophila embryo is the result of a network of cellular communication that takes place in the ovary during the process of oogenesis. Both the somatic follicle cells and the germ cells are involved in an intricate exchange of signals, which regulate the polarity of the embryo. Even though the signaling processes are initiated during oogenesis, their activity ultimately leads to the asymetric activation of zygotic genes in the early embryo (Lehmann 1995; Morisato and Anderson 1995; Ray and Schü pbach 1996) .
A set of 11 maternal genes participate in a cascade of events that establishes the nuclear gradient of Dorsal protein in the embryo. Loss-of-function mutations in these genes lead to the absence of nuclear Dorsal protein and therefore cause the generation of dorsalized embryos. Together with a twelfth gene, cactus, these genes comprise the dorsal group of genes, and participate in a cascade of events in which dorsoventral information is transmitted from the follicle cells to the embryo. The three genes, wind, nudel, and pipe, are at the top of this cascade, as it has been shown that their action is required in the somatic follicle cells of the ovary (Schü pbach et al. 1990; Stein et al. 1991 ). The cascade is under the control of the Grk-Egfr pathway, which restricts its action to the ventral side of the egg. This results in the spatially restricted production of the ligand for the Toll receptor, and to the establishment of the Dorsal gradient.
To understand how the Grk-Egfr signaling process is linked to the action of the dorsal group genes, we have undertaken the genetic and molecular characterization of the gene windbeutel. We observed that the gene is expressed during a very brief period in the follicle cells in mid-oogenesis. The timing of wind expression, during stages 9 and early 10, corresponds very well to its expected time of action. The Grk-Egfr signaling process that is required for dorsoventral patterning, is believed to take place during stage 9, after the oocyte nucleus has moved to its dorsal-anterior position during stage 8 (Montell et al. 1991) . Early response genes in the follicle cells, such as kek-1 and rhomboid, begin to show a dorsoventral asymmetry in their expression pattern beginning at stage 9 of oogenesis (Ruohola-Baker et al. 1993; Musacchio and Perrimon 1996) . The gene nudel has also been shown to be expressed during stage 10 of oogenesis (Hong and Hashimoto 1995) .
Even though it is not clear at this point whether the Grk-Egfr signaling process regulates the activity of either wind or nudel directly, the fact that they are expressed at this specific time in oogenesis suggests that their activity is required in the follicle cells close to the time when Egfr activation occurs. Given that this is the stage when the vitelline membrane, the innermost layer of the eggshell, is secreted, this time of expression is consistent with models proposing that asymmetrically distributed dorsoventral factors might be deposited in the vitelline membrane (Manseau and Schü pbach 1989; Stein et al. 1991; Hong and Hashimoto 1995) .
Regulation of wind expression
To examine whether wind transcription is regulated by any of the other genes acting in the dorsoventral path-way, we analyzed its expression in mutant backgrounds. This analysis showed that fs(1)K10, which acts upstream of grk in dorsoventral signaling, and is involved in grk RNA localization (Neuman-Silberberg and Schü pbach 1993), does not alter the expression of wind. Expression of wind in a strong grk mutant was abolished in the posteriorly localized follicle cells. It has been shown previously (Gonzales-Reyes and St Johnston 1995; Roth et al. 1995 ) that Grk-Egfr signaling is required at two times during oogenesis. Grk-Egfr signaling is first required to specify the posterior follicle cells. The second signaling process, at around stage 9, specifies the dorsal follicle cell fate. In strong grk mutants, the first signaling process does not take place and consequently, the posterior follicle cells assume the anterior fate. In the wild-type egg chamber, wind transcript is found only in the follicle cells overlaying the oocyte and not in the follicle cells covering the nurse cells. The absence of wind expression in the posterior follicle cells in grk mutations shows that Grk-Egfr signaling is necessary in posterior follicle cells to express wind. This signaling process, however, is not necessary for lateral follicle cells to express wind, showing that different subpopulations of follicle cells require different inputs to express wind.
Mutations in the gene nudel had no effect on wind RNA expression. Because the Nudel protein seems to be secreted (Hong and Hashimoto 1995) and Wind protein is probably retained in the cell (see below), it is reasonable to suggest that nudel lies downstream of wind. wind expression was also unchanged in pipe mutants, suggesting that this gene may also act downstream or at the same step in the pathway as wind.
Specific role of the endoplasmic reticulum of the follicle cells in dorsoventral patterning
The follicle cells play multifunctional roles during oogenesis. They are responsible for the secretion of yolk proteins that are taken up by the oocyte, as well as the secretion of the vitelline membrane and chorion proteins, which form the protective eggshell around the egg (for review, see Spradling 1993) . They are also involved in the signaling processes that help establish the anteroposterior and dorsoventral axes of both the oocyte and embryo (for review, see St Johnston 1995; Ray and Schü pbach 1996) .
A common characteristic of these different functions of the follicle cells is the secretion of proteins that serve either a structural or a regulatory role. The follicle cells form an epithelial monolayer around the oocyte-nurse cell complex. The apical side of the follicular epithelium faces the oocyte and is the site of secretion. Our findings that the wind transcript is localized on the apical side and encodes a putative (ER) resident protein suggest that specific parts of the secretory apparatus in the follicle cells are apically localized. Other examples of transcripts that have been found to have a specific subcellular distribution in epithelial cells include the gene crumbs (Tepass et al. 1990 ) and the gene wingless (Bar et al. 1994) where subcellular localization of the RNA has also been linked to its function.
The sequence homology of Wind to the rat ERp29 protein indicates that Wind is most likely a component of the lumen of the ER. Proteins that contain the 4-residue retention signal (KDEL) are found in the ER lumen and are called reticuloplasmins (Koch 1990 ). These proteins are transferred into the ER with the help of their signal peptide and are retained there through an interaction of the retention signal with a specific receptor (Pelham 1990, Scheel and Pelham 1996) . The major reticuloplasmins described to date (calreticulin, endoplasmin, protein disulfide isomerase, and BiP; Koch 1990; Lucero 1994 ) are all calcium-binding proteins. They are proposed to function as molecular chaperons during protein assembly and degradation (Nigam et al. 1994 ) and as calcium buffers (Hubbard 1996) . ERp29 was shown to be unresponsive to cellular stresses that induce known heat shock proteins that are related to members of the reticuloplasmin family, and it is not a calcium-binding protein (Demmer et al. 1997) . These results suggest that ERp29 and its Drosophila and human homologs form a new group of reticuloplasmins with a conserved, but presently unknown, function.
It is interesting to note that ERp29 protein was isolated from rat enamel cells involved in dentition, and wind is expressed in ovarian follicle cells, both of which are highly secretory cell types. Determining the targets of Wind in the follicle cells should help to elucidate the novel function of these conserved proteins.
Mutations in wind affect coding regions of the protein
Strong mutant alleles of wind cause varying degrees of semi-lethality that is manifested during late larval stages of development. These alleles appear to be strong loss of function, as judged by genetic tests. Because many of the important regulatory genes that act during oogenesis have also equally important functions during the adult development of the fly (Spradling 1993) , we considered it possible that the null phenotype of wind might be lethal. The initial allele of the gene wind was identified in female sterile screens (Schü pbach and Wieschaus 1989) . Subsequent screens (using as tester a chromosome carrying the original female sterile wind RP54 allele), however, did not recover any lethal alleles of wind. In situ RNA analysis on wind mutant ovaries revealed that two of the strongest EMS alleles, wind M88 and wind
M46
, had undetectable levels of wind RNA, leading us to suggest that they might represent null alleles. Because the transheterozygous combination of these two mutants is only partially lethal, it appears that even with extremely low, to undetectable, levels of wind RNA, the flies can survive to adulthood.
Two of the strongest wind mutant alleles, wind
M88
and wind
M46
, were found to encode severely truncated proteins. A third wind allele, wind T6 , contains a single amino acid change of a leucine to a proline, in its carboxyl terminus. This change is significant, because this specific leucine is part of a well-conserved stretch of amino acids at the carboxyl terminus of all three homologous proteins (Drosophila, rat, and human). Also, proline is a cyclic amino acid that is almost never found in ␣-helical structures, which is the favorable secondary structure prediction for the carboxyl terminus of Wind and its rat and human homologs. Because wind T6 shows a better viability over the Df(2R)P34 than the two truncation alleles, it appears that wind T6 may retain some of the function of the molecule.
The weakest allele, wind
AR51
, revealed changes only in the intron sequences. It is possible that the single base change of the first nucleotide at the 5Ј splice site affects the level of correct splicing of wind. If this defect is not 100% penetrant, it could account for the weak nature of this allele.
A possible role for Wind protein in the specific folding of a secreted factor?
The ER mediates the translocation of proteins to the membrane and is responsible for the correct folding and chemical modification of secreted or membrane-bound proteins. Several components of the ER have been isolated and specific steps in the process have been characterized (Rapoport et al. 1996) . More recently, specific developmental functions have been assigned to components of the ER. It has been shown (McKibben and Cartwright, unpubl.) , that an alternatively spliced message of the Dtrp1 gene is expressed in the ER in a tissue specific manner, that is, only in the male reproductive system. It has also been proposed that calmegin, a mouse testis-specific ER protein, is responsible for folding one or more sperm-specific proteins that are involved in adhesion of sperm to the zona pellucida (Ikawa et al. 1997) . Finally, the ER-associating protein Vera was recently implicated in the localization of Vg1 RNA in Xenopus oocytes (Deshler et al. 1997) .
On the basis of these examples, we would speculate that Wind protein is involved in the specific folding of one or more molecules secreted by the follicle cells. These molecules would be secreted only on the ventral side of the follicular epithelium and would represent the critical factors for the generation of the ventralizing signal that translates into the active ligand for the Toll receptor. Several mechanisms could be proposed that might contribute to the generation of the signal only on the ventral side of the follicular epithelium. The protein expression and/or activity of Wind might be restricted in the ventral follicle cells, in response to the Grk-Egfr signaling. Alternatively, the expression of another factor might be restricted in the ventral follicle cells by the Grk-Egfr pathway, and this factor might be subsequently modified by Wind. In a wind mutant female, the ventral factors would not be active, leading to the absence of functional Toll ligand and absence of nuclear Dorsal protein, and thus to a dorsalized embryo.
Candidate molecules for these secreted factors could be the products of the genes nudel and pipe. Our in situ hybridization results are consistent with the possibility that both of these genes act downstream of wind. In addition, Nudel protein has been proposed to be secreted from the follicle cells (Hong and Hashimoto 1995) . An interesting observation regarding the Nudel amino acid sequence is the fact that it contains a highly conserved serine protease domain with eight cysteines (Hong and Hashimoto 1995) . It is proposed that these cysteines might form four intramolecular disulfide bonds within the catalytic pocket, as in chymotrypsin. The fact that Wind contains a putative thioredoxin-like motif, involved in the isomerization of disulphide bridges in nascent polypeptides, raises the intriguing possibility that Wind might be involved in the folding of Nudel. Further studies will shed light into the novel finding of the involvement of the ER in the specification of embryonic dorsoventral axis in Drosophila.
Materials and methods
Fly stocks
Six wind EMS-induced mutations were used in this study. The mutation wind RP54 is described in Schü pbach and Wieschaus (1989) . The mutations wind M88 and wind M46 were induced on a cn bw sp chromosome that was tested against wind
RP54
, according to standard methods . The mutations wind T6 and wind E4 were generated by U. Mayer, R. Lehmann, and C. Nü sslein-Volhard (unpubl.) and wind AR51 was generated by S. Roth and C. Nü sslein-Volhard (unpubl.) .
Df(2R)Pc4 and Df(2R)P34 are described in Lindsley and Zimm (1992) . Df(2R)GC8 and Df(2R)GC10 are described in Gertler et al. (1995) . Df(2R)F7 was induced by x-rays, screening for reversion events in a strain carrying the H 2 E P-element insertion (provided by J.A. Lepesant, Institut Jacques Monod, Centre National de la Recherche Scientifique, Paris, France) and was mapped on squashes from salivary gland polytene chromosomes. The cor 1 allele was generated by I. Dawson (Fehon et al. 1994) . The P-element insertion P989 [l (2) 01103] is described in Karpen and Spradling (1992) . The rescue construct was injected in y w flies and cn bw was used for the restriction fragment length polymorphism (RFLP) analysis of the deficiencies. Oregon R was used as the wild-type stock.
Other strains used were fs(1)K10 (Wieschaus 1979) , grk HK (Schü pbach 1987), ndl 111 (Hong and Hashimoto 1996) , and pip 664 (Anderson and Nü sslein-Volhard 1984) . All marker mutations and deficiencies are found in Lindsley and Zimm (1992) .
Genetic crosses
For the complementation analysis, crosses were performed at room temperature (∼22°C) and were put at 25°C at late larval stages to enhance the Cy phenotype. For the determination of the lethal phase of wind EMS alleles, 300-500 embryos were collected from wind/+ × wind/CyO crosses and counted through all stages of development. The recessive markers c and px were used for the isolation of wild-type recombinants between b pr c cor 1 px sp, and b pr wind RP54 bw.
Chromosomal walks
The phages were isolated from a DashII genomic library (constructed by R. Padgett, Waksman Institute, Rutgers University, Piscataway, NJ), by use of a cor cDNA (provided by R. Fehon, Duke University, Durham, NC) as probes, for the proximal end, and genomic DNA adjacent to P989 insertion that was cloned taking advantage of the PZ vector (Mlodzik and Hiromi 1991) , for the distal end. The middle part of this genomic area could not be cloned from the library because of the presence of repetitive DNA and was eventually isolated in small fragments from the P1 phage DM02733. The ends of P1 phages mapping in the 56C area were cloned by PCR amplification by use of the T7 and SP6 promoters (Nurminsky and Hartl 1993) . The P1 phage DM02733 was chosen because it overlapped with parts of the genomic walk. The entire insert of the DM02733 P1 phage was cloned into the Bluescript vector (Stratagene) by generating mini-plasmid libraries with six different restriction enzymes. The minilibraries were kept on grid plates and were used for the isolation of suitable overlapping fragments. The genomic insert of DM02733 was 60-kb long.
RNA in situ hybridization on whole mount ovaries
Ovaries dissected and teased apart were fixed and hybridized as described in Tautz and Pfeifle (1989) and modified by Suter and Steward (1991) . Digoxigenin-labeled antisense RNA probes were synthesized by use of the RNA genius kit (Boehringer Mannheim). Ovaries were mounted in Aqua-polymount (Polysciences, Inc.).
Molecular techniques
Genomic DNA was prepared as described in Delidakis and Kafatos (1987) , and RNA was isolated as described in Brown and Kafatos (1988) . Southern blot, Northern blot, and reverse Northern blot analyses were performed on Zetaprobe nylon membranes (Bio-Rad). For the reverse Northern blot, ∼5 µg of poly(A) + ovarian RNA was labeled by reverse transcription. All other molecular techniques were done according to Maniatis et al. (1989) .
The wind cDNA was isolated in two overlapping fragments by 5Ј RACE and 3Ј RACE reactions, according to the manufacturer's instructions (GIBCO BRL). In each reaction, 1 µg of poly(A) + ovarian RNA was used. Genomic DNA was isolated from flies hemizygous for the wind EMS alleles over Df(2R)GC8 and was amplified by use of the Advantage cDNA PCR core kit (Clontech).
Sequence analysis
Sequencing of wild-type DNA was done by automated sequencing (Applied Biosystems) and by the method of Sanger et al. (1977) . Sequencing of the mutant DNA was done exclusively by automated sequencing. Sequences were assembled and analyzed by use of the AssemblyLign and MacVector DNA analysis programs (IBI sequence analysis software). Database searches were performed by the FASTA program (Lipman and Pearson 1985) . The wind GenBank accession number is AF025408.
